Snoring is present in 20--40% of the general population[@b1], and is associated with obesity, nasal obstruction, use of alcohol and cigarettes[@b2]. Snoring sounds are generated by vibration of pharyngeal tissue due to the narrowing and the consequent increases in the turbulent airflow in the upper airway[@b3]. Several factors such as increased pharyngeal fat[@b4], reduction in pharyngeal dilator muscle tone at sleep onset[@b4], and rostral fluid shift from the legs to the neck[@b5] may contribute to the upper airway narrowing during sleep. However, the underlying mechanisms of the upper airway narrowing are multifactorial and may change from night to night in the same individual[@b6]. Consequently, it is difficult to use imaging techniques such as MRI or endoscopy to investigate variations in the upper airway during sleep such as its narrowing, collapsibility, or airway wall thickness[@b7].

On the other hand, snoring sounds can be recorded conveniently with a microphone placed on the neck, or in the vicinity of the patient in the room. Snoring can be a sign of obstructive sleep apnea (OSA)[@b8]; a common respiratory disorder present in approximately 10% of adult population. OSA is characterized by repetitive complete or partial collapse of the upper airway during sleep[@b4]. Consequently, most of studies on acoustic analysis of snoring sounds focused on the association between OSA severity and a variety of snoring sounds features such as intensity[@b9][@b10], power spectral measures[@b11][@b12], bi-spectral and non-linear measures[@b13], formant frequencies[@b14] and temporal features[@b15]. However, very little emphasis was placed on the effects of variations in the upper airway anatomy during sleep on snoring sounds features. Liu *et al*. used a 3D model of the human head to identify the source of snoring sounds; however, the model was computationally intensive and highly dependent on having an accurate 3D model of the head for every individual[@b16]. Ng *et al*. developed an electrical equivalent model of the upper airway to investigate the effects of upper airway narrowing on spectral features of snoring sounds[@b17]. They observed general agreement between the spectral features of simulated and actual recorded snoring sounds in 40 subjects. However, since they did not measure the upper airway cross-sectional area (UA-XSA) in their population, a detailed subject-specific validation of the model to assess the effects of upper airway narrowing on the characteristics of recorded snoring sounds was missing.

To address this gap, we aimed to develop a subject-specific acoustic model of the upper airway for snoring sounds generation. Based on the physics of sound generation in a tube, we hypothesized that snoring sounds intensity will be directly related to narrowing of the upper airway, and the resonant frequency of snoring sounds will be inversely related to the length of upper airway. To have a subject-specific model, we measured the neck circumference (NC), upper airway length (UA-Length) and UA-XSA of human participants and incorporated them in the model for snoring sounds generation. For every individual, the modeling results for snoring sounds intensity and resonant frequencies were compared with those measured from recorded snoring sounds in the same individual during sleep.

Results
=======

Baseline characteristics of participants
----------------------------------------

Twenty men participated in a daytime sleep study and their sleep was assessed with a full in-laboratory polysomnography (PSG) (See methods section for details). [Table 1](#t1){ref-type="table"} shows the baseline characteristics of the subjects. Although this was a daytime study, participants slept for an average of 150 minutes ([Table 2](#t2){ref-type="table"}), and 14 out of 20 had at least one full sleep cycle, including both rapid eye movement (REM) and non-REM sleep stages. Participants spent most of the sleep time in stage 2 of non-REM (N2) sleep ([Table 2](#t2){ref-type="table"}). The participants had a wide range of OSA severity, as assessed by apnea-hypopnea index (AHI, number of apneas and hypopneas per hour of sleep). Nine subjects had no or mild sleep apnea (AHI \< 15), five had moderate sleep apnea (15 ≤ AHI \< 30) and six had severe sleep apnea (AHI ≥ 30).

Before and after sleep, while subjects were supine, NC was measured with a measuring tape, and UA-Length and average of UA-XSA (both from velum to glottis) were measured with acoustic pharyngometry (See methods section for details). From before to after sleep, there were significant increases in NC (∆NC: 0.5 ± 0.3 cm, p \< 0.001) and decreases in UA-XSA (∆UA-XSA: −0.4 ± 0.3 cm^2^, p \< 0.001). As we have shown before, these changes could be due to rostral fluid shift from the legs to the neck while supine[@b5]. Airway wall thickness which was estimated based on NC and UA-XSA (See methods section for details), increased from before to after sleep (∆: 0.2 ± 0.08 cm, p \< 0.001). There was a strong correlation between reductions in UA-XSA and increases in airway wall thickness (r = −0.73, p \< 0.001).

Snoring sounds features
-----------------------

Snoring and breath sounds were recorded with a microphone attached to the neck (See methods section for details). Snoring segments were extracted manually by listening to the sounds and observing them in the time and frequency domains. [Figure 1](#f1){ref-type="fig"} shows a 10-second sample of recorded breath sounds, along with the manual annotation of the snoring segments. While both inspiratory and expiratory snoring were detected, since the snoring mechanisms may be different during inspiration and expiration and inspiratory snoring are more common, only inspiratory snoring were investigated in this study.

For every individual, 342 ± 223 inspiratory snoring segments were extracted (134.2 ± 96.0 snoring per hour of sleep). The snoring segments were band-pass filtered in the frequency range of 100--4000 Hz to remove the effects of heart sounds in the low frequency range as well as extraneous noises in the high frequency range[@b18][@b19]. Various features in the temporal and spectral domains were extracted from the snoring sounds (See methods section for details). The total snoring time in each sleep stage normalized by the time spent in each sleep stage (snoring time index) was similar for different sleep stages (p \> 0.10), as well as for non-REM vs. REM sleep (p \> 0.10). The measured average power of snoring sounds was 38.2 ± 5 dB in the frequency band of 100--4000 Hz. There was a positive correlation between the measured relative power of snoring sounds in the frequency range of 150--450 Hz and the AHI ([Fig. 2](#f2){ref-type="fig"}, r = 0.48, p = 0.039).

Acoustic model of the upper airway for snoring sounds generation and propagation
--------------------------------------------------------------------------------

Based on the theory of sounds generation in a collapsible tube[@b20], and the basics of changes in the oral cavity for vowel articulations[@b21], we assumed a simplified two-compartmental model for snoring sounds generation and propagation ([Fig. 3](#f3){ref-type="fig"}). These compartments included, first, the snoring sounds generation within the upper airway, due to vibration of the soft palate and uvula, and/or of the tissues between the soft palate and epiglottis; and second, the entire upper airway, which was modeled as a collapsible tube through which the pressure fluctuations due to snoring are propagated to the microphone located on the suprasternal notch.

We modeled the snoring source vibration as a sinusoid signal with its frequency equal to the measured pitch frequencies of the recorded snoring sounds (See methods section for details). For every individual, the pitch frequency of each snoring segment was estimated and averaged for entire sleep. The mean and standard deviation of the measured pitch frequencies among all subjects was 102.1 ± 20.6 Hz. For the upper airway response, we developed an electrical equivalent model of a collapsible tube[@b22][@b23][@b24] (See methods section for details). The parameters of the upper airway model, such as resistance and capacitance, were defined based on UA-Length, UA-XSA and airway wall thickness. To validate the model, resonant frequencies and average power of snoring sounds based on modelling and measured data were estimated and compared.

Effects of upper airway anatomy on the resonant frequencies of snoring sounds
-----------------------------------------------------------------------------

For every subject, resonant frequencies of snoring sounds were calculated as the averages of first and second formants (F1 and F2, respectively) of all recorded snoring sounds for entire sleep duration. The average and standard deviation of measured F1 and F2 among all subjects were 572.1 ± 122.6 Hz and 1626.1 ± 168.7 Hz, respectively. On the other hand, for each subject, we used the baseline measurements of UA-XSA, wall thickness, and UA-Length before sleep to estimate F1 (modeled F1). There was a significant and positive correlation between the modeled and measured F1 ([Fig. 4a](#f4){ref-type="fig"}, r = 0.58, p = 0.01). Also, based on the Bland-Altman analysis ([Fig. 4b](#f4){ref-type="fig"}), there was a good agreement between modeled and measured F1.

### Results obtained from the modeled snoring frequencies

We calculated the effects of changes in UA-XSA, UA-Length and wall thickness on resonant frequencies of the model. The modelling results showed that length of the upper airway was inversely related to the modeled F1. Increasing the UA-Length from 7.0--12.5 cm, modeled F1 decreased from 800 Hz--450 Hz (r = −0.98, p \< 0.001). On the other hand, there were no significant correlations between modeled F1 and variations in the UA-XSA or airway wall thickness (p \> 0.05 for both).

### Results obtained from measured snoring frequencies

Previous studies have shown that UA-Length is longer in patients with OSA than in those without OSA[@b25][@b26]. Based on recorded snoring sounds, there were significant and negative correlations between AHI and measured F2 ([Fig. 5a](#f5){ref-type="fig"}, r = −0.49, p = 0.030), AHI and measured spectral centroid of snoring sounds in the frequency range of 1200--1800 Hz (associated with F2[@b27]) ([Fig. 5b](#f5){ref-type="fig"}, r = −0.59, p = 0.006), and AHI and measured spectral centroid in 450--600 Hz (associated with F1[@b27]) ([Fig. 5c](#f5){ref-type="fig"}, r = −0.50, p = 0.023).

Therefore, both modelling and measured results suggested that there was an inverse relationship between resonant frequencies of the snoring sounds and UA-Length.

Effects of upper airway anatomy on the intensity of snoring sounds
------------------------------------------------------------------

We calculated the effects of changes in UA-XSA, UA-Length, and airway wall thickness on the snoring sounds intensity.

### Results obtained from the modeled snoring intensity

There was a significant correlation between percentage narrowing in the UA-XSA from before to after sleep and the gain of the upper airway model ([Fig. 6a](#f6){ref-type="fig"}, r = −1.00, p \< 0.001); indicating that upper airway narrowing increases the modeled intensity of snoring. On the other hand, there were no significant correlations between the gain of the upper airway model and changes in wall thickness or UA-Length (p \> 0.10 for both).

### Results obtained from measured snoring intensity

There was a significant correlation between the measured average intensity (average power of recorded snoring sounds in 100--4000 Hz) of all snoring segments during sleep and the percentage narrowing of UA-XSA from before to after sleep ([Fig. 6b](#f6){ref-type="fig"}, r = −0.53, p = 0.018). Moreover, for each subject, we calculated the average intensity of 5 snoring segments in the first and last 15 minutes of N2 sleep. The results showed that from the first to the last part of N2 sleep, there was a significant increase in the measured intensity ([Fig. 6c](#f6){ref-type="fig"}, ∆ = 2.0 ± 3.8 dB). These were similar to those based on the simulation (p = 0.947). On the other hand, there were no significant correlations between the measured intensity of recorded snoring sounds and changes in the upper airway wall thickness or UA-Length (p \> 0.1 for both).

Therefore, both modelling and measured results suggested that there was an inverse relationship between the snoring sounds intensity and UA-XSA.

Discussion
==========

To the best of our knowledge, this is the first study to develop a subject-specific model of the upper airway and to consider the fact that changing in the upper airway area could also change other anatomical factors of the upper airway such as wall thickness. Our model showed that the upper airway narrowing during sleep increases snoring intensity, while increases in the UA-Length reduced the resonant frequency of snoring sounds. The model was validated against recordings of actual snoring. Furthermore, we found that measured resonant frequencies of snoring sounds were inversely related to the OSA severity.

Our proposed model for the snoring sounds generation included snoring source vibration and propagation of the vibrations through the upper airway. A novelty of this study was that we modeled the snoring source as a single frequency vibratory signal due to either soft palate vibration or pharyngeal tissue vibration at the site of upper airway narrowing. Similar to speech articulation[@b21], we considered the measured pitch frequency of snoring sounds as the main vibrating frequency of snoring source[@b1]. We found the measured pitch frequency of the recorded snoring sounds were less than 150 Hz. Previous studies in dog models for inducing snoring have shown that the main frequency of snoring sounds was in the range of 64--135 Hz[@b28][@b29]. Although, dog models are not true representatives of human upper airway, these results support our assumption that pitch frequency can represent the main vibratory source of snoring sounds. As part of having a subject-specific model, for every individual we used the measured pitch frequency of his recorded snoring to characterize the snoring sounds source.

An important finding of this study was that narrowing of the upper airway during sleep may increase the turbulent airflow and increase the snoring sounds power. On the other hand, narrowing in the upper airway can increase sleep apnea severity[@b30]. Our results showed a positive correlation between AHI and measured relative power of snoring sounds. These results are consistent with those of Maimon *et al*. who showed that snoring sounds intensity is related to severity of OSA[@b9].

Another major finding of our model was that modeled resonant frequency of snoring sounds was inversely related to the upper airway length. Conversely, there was an inverse relationship between OSA severity and measured resonant frequency of snoring sounds. Imaging and cephalometric studies have shown that patients with OSA have longer upper airway than those without OSA[@b4][@b25][@b26]. Similarly, previous studies have shown that in vowel articulation, formant frequencies for articulating /i/ or /u/ (e.g. in "see" or "moo") are significantly lower in patients with OSA than non-OSA individuals[@b31][@b32]. Although, snoring sounds and speech have different vibratory sources, the role of upper airway in generating sounds may be similar for both signals. Therefore, these results may provide proof of concept for the potential applications of resonant frequencies of snoring sounds to assess the effects of upper airway length on OSA severity.

Previous studies have shown that the main frequencies of the snoring sounds vary depending on the site of obstruction[@b12][@b33]. While the main frequencies of snoring due to the narrowing at the base of tongue were above 650 Hz, frequencies of palatal snoring were below 450 Hz[@b12][@b33]. In this study, we did not have any measurement to assess the site of upper airway obstruction. However, if we assume that the length of upper airway in our model represents the distance between the site of obstruction and the recording microphone, the resonant frequency of simulated palatal snoring was 450 Hz; while it was approximately 800 Hz for the snoring originating closer to the glottis. These simulation results, which should be verified in future studies, may provide non-invasive techniques to assess the site of upper airway obstruction in snorers and patients with OSA.

Our study was subject to some limitations. Since daytime sleep studies were performed, these results may not be the same as those during nocturnal sleep. Furthermore, we modeled the snoring sounds generation and propagation using a single segment tube model. Further studies will be needed to develop a multi-segment tubular model to include the effects of oral and nasal cavities on snoring sounds features. Also, participants in this study were non-obese men. Future research will need to examine snoring features and upper airway properties in other populations such as obese individuals, women, and children. Furthermore, we limited the participants to supine sleep. Therefore, our results may not be fully applicable to other sleeping postures.

In conclusion, this study attempted to develop a subject-specific acoustic model of the upper airway for snoring sounds generation and to investigate the effects of changes in upper airway narrowing and length on snoring sounds features. Future studies should validate the proposed model based on simultaneous recordings of snoring sounds, UA-XSA and sites of collapse during sleep on a larger population. Since snoring sounds can be recorded non-invasively and conveniently during multiple nights; once validated, the proposed model may be used as a tool to assess the dynamics of upper airway narrowing during sleep.

Methods
=======

Participants
------------

Healthy non-obese and normotensive men were recruited by advertisement and participated in this study[@b34]. Individuals with a history of cardiovascular, respiratory, renal, or neurological diseases, or previously diagnosed of OSA, or those who slept less than one hour during the protocol, or with central dominant sleep apnea were excluded from the study.

Experimental protocol
---------------------

Participants arrived in the sleep laboratory at early afternoon after a night of voluntary sleep deprivation and were instrumented for sleep studies. Baseline measurements including UA-XSA, UA-Length, and NC were performed in supine position before sleep and just after the participants woke up. Breath and snoring sounds were recorded continuously and simultaneously with polysomnography during sleep[@b34].

The experimental protocol was approved by the Research Ethics Board of Toronto Rehabilitation Institute-University Health Network and all participants signed written consent prior to participation[@b34]. The study was performed in accordance with the approved guidelines and regulations.

Data measurement
----------------

### Sleep studies

Daytime polysomnography was performed for the convenience of participants and the research personnel. Thoracoabdominal motion, nasal pressure, and arterial oxyhemoglobin saturation (SaO~2~) were monitored by respiratory inductance plethysmography, nasal cannulae, and oximetry, respectively[@b35]. Scoring sleep stages and arousals were done by a specialist using standard techniques and criteria. The definition and classification of apneas (cessation of airflow to the lungs for at least 10 s) and hypopneas (\>50% decrease in breathing airflow for more than 10 s with blood oxygen desaturation of \>3%) were done in accordance the American Academy of Sleep Medicine (AASM)[@b36]. To minimize any possible effect of postural changes on AHI and other variables, participants slept supine on a single pillow for the entire study duration. Sleep studies were scored by personnel blind to the fluid measurements and vice versa[@b34].

### UA-XSA, UA-Length and NC measurement

UA-XSA and UA-Length (the distance from velum to glottis) were measured by acoustic pharyngometry[@b37]. NC was assessed by a measuring tape. A line was drawn just above the cricothyroid cartilage to ensure the measurements before after sleep were made at the same level.

### Breath and snoring sounds recoding

Breath along with snoring sounds were recorded by a Sony EMC-44B omni-directional microphone. The microphone was placed over suprasternal notch using double-sided adhesive tape. The sounds were filtered by a low-pass filter (cut off frequency of 5 kHz) using Biopac DA100C, and digitized at sampling rate of 12.5 kHz using MP150 Biopac System[@b38].

Data analysis
-------------

After manual segmentation of snoring sounds, several features in the temporal and spectral domains were extracted.Temporal Feature:Snoring Time Index: Total snoring time in each sleep stage divided by the time spent in each sleep stage.Spectral Features: Snoring segments were band-pass filtered in the frequency range of 100--4000 Hz to remove the effects of heart sounds in low frequency ranges as well as high frequency noises[@b18]. Power spectral density (PSD) of each snoring segment was calculated based on the Welch method with a Hamming window of 100 ms and 50% overlap between adjacent windows. Based on the PSD, following features were calculated:Average Power: Average power of the snoring sounds in eight frequency bands of 100--4000 Hz, 100--150 Hz, 150--450 Hz, 450--600 Hz, 600--1200 Hz, 1200--1800 Hz, 1800--2500 Hz, and 2500--4000 Hz were calculated[@b39] (See [Supplementary File S1](#S1){ref-type="supplementary-material"}).Relative Power: The average power of snoring sounds in each sub-band divided by the average power in entire frequency band (100--4000 Hz).Spectral Centroid: It represents the frequency that contains the maximum power of snoring sounds in any of the eight frequency bands[@b40][@b41].

Here, P~avg~ = Average power; *f*~*1*~ = Lower band frequency; *f*~*u*~ = Higher band frequency; *P(f) *= Estimated power spectral density.Pitch and Formant Frequencies: Pitch frequency was calculated based on the robust algorithm for pitch tracking[@b42]. For calculating formants, snoring segments were pre-processed using a Hamming window (window size of 20 ms) and a pre-emphasizing filter. Then, 16^th^ order linear predictive coding (LPC) spectrum of the snoring sounds was estimated to extract formants[@b43][@b44]. Pitch was calculated using the validated "Voicebox" toolbox[@b45].

Modelling of the upper airway for snoring sounds generation and propagation
---------------------------------------------------------------------------

We proposed a simplified two-compartmental model for snoring sounds generation that included snoring source vibration and the upper airway response as a collapsible tube ([Fig. 3](#f3){ref-type="fig"}).

### Snoring source vibration

Snoring sounds can be generated either by oscillation of the soft palate or the upper airway wall[@b29]. Based on the Bernoulli's theorem, in a collapsible tube such as the upper airway, upper airway narrowing or increased negative intra-thoracic pressure during inspiration increases the airflow speed which will cause a pressure drop across the upper airway; this sequence of events will further increase the negative pressure in the upper airway, narrow the upper airway and increase the airflow speed[@b3]. The consequence of these events is an increase in turbulence of airflow within the upper airway, which leads to vibration of soft palate or the airway wall tissue and induces snoring sounds[@b3]. Considering speech articulation, vibration of soft palate or the upper airway wall during snoring sounds generation can be assumed to be analogous to the vibration of vocal cord[@b1]. Therefore, we assumed that pitch frequency represent the fundamental frequency of snoring sounds. Thus, we modeled the snoring sounds source ([Fig. 3](#f3){ref-type="fig"}) as a sinusoid signal with its frequency equal to the pitch of the recorded snoring sounds for every individual subject.

### Subject-specific upper airway model

The upper airway was modeled as a collapsible tube[@b22][@b23][@b24][@b46][@b47] (See [supplementary Fig. S1](#S1){ref-type="supplementary-material"}). In this model, the air pressure and airflow were modeled as the voltage and current, respectively. The model included acoustic resistance of airflow (R~a~), compliance (C~a~), inertance (L~a~), and conductance (G~a~)[@b46][@b47]; as well as upper airway wall resistance (R~w~), inertance (L~w~) and compliance (C~w~)[@b22][@b24][@b48]. Detailed definitions of the model variables are presented in the [supplementary file](#S1){ref-type="supplementary-material"}. In this study, we used the previously reported measurements for the air and tissue properties such as viscosity and elasticity[@b22][@b23][@b24][@b46][@b47][@b48][@b49] (See [supplementary Table S2](#S1){ref-type="supplementary-material"}). Previous models of the upper airway did not incorporate the differences in the upper airway anatomy among subjects such as its internal radius and wall thickness. For each subject, we used measurements of UA-XSA and NC to estimate the upper airway wall thickness ([Fig. 3](#f3){ref-type="fig"}). Upper airway radius (T~r~) was calculated as square root of (UA-XSA/π), neck radius (N~r~) was estimated as (NC/2π), and the upper airway wall thickness (h) was calculated as (N~r~ − T~r~).

Statistical analysis
--------------------

The changes in NC, airway wall thickness, and UA-XSA from before to after sleep were assessed by paired t-tests for normally distributed data and Wilcoxon rank-sum test for non-normally distributed data. Paired t-tests were performed to investigate the differences between the measured average powers of recorded snoring sounds from the beginning to the end of sleep. The changes in measured snoring sounds features between different sleep stages were investigated by analysis of variance (ANOVA) and the post-hoc Tukey test. All the correlation analyses were performed based on Pearson or Spearman's rank coefficient, for normally and non-normally distributed data, respectively. Furthermore, we performed Bland-Altman statistical test to verify the agreement between modeled and measured resonant frequencies. Statistical analyses were performed by Matlab and two-tailed P \< 0.05 was considered as significant. Data are presented as mean ± SD.
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![Segmentation of snoring sounds from breath sounds.\
(**a**) Extracted snoring segments from a 10 seconds recording of breath sounds; (**b**) Spectrogram of the extracted snoring segments as presented in (**a**). In all frequency bands, snoring sounds intensity were larger than those of the inspiratory and expiratory breath sounds without snoring.](srep25730-f1){#f1}

![Relationship between apnea-hypopnea index (AHI) and measured relative power of snoring sounds (assessed by Pearson Correlation Coefficient).\
Increases in AHI were significantly correlated with the increases in the measured relative power of snoring sounds within 150--450 Hz frequency range.](srep25730-f2){#f2}

![An overview of the proposed block scheme of snoring sounds generation and propagation along with the acoustic model of upper airway.\
Snoring sounds is generated by the vibration of soft palate or pharyngeal wall, then would propagate through the upper airway and then recorded by the microphone placed over the suprasternal notch. The main frequency of snoring sounds source is analogous to the calculated pitch frequency of snoring sounds. The upper airway was modeled by the electrical equivalent circuit of a collapsible tube with non-rigid wall (R~a~, resistance; L~a~, inertance; C~a~, compliance; G~a~, conductance; L~w~, wall inertance; R~w~, wall resistance; C~w~, wall compliance) using measured upper airway area, neck radius (neck diameter/2), wall thickness showed in the anatomy of upper airway. The power spectral density (PSD) of the snoring segment extracted from recorded data with the marking of formant frequencies is also shown.](srep25730-f3){#f3}

![Agreement between modeled and measured F1 of the snoring sounds.\
(**a**) Scatterplot of the F1 of the recorded snoring sounds (measured F1) and F1 simulated from the upper airway tube model (modeled F1) along with the linear regression equation of modeled and measured F1, where is the measured F1. (**b**) Bland--Altman plot, the black line indicates the average difference and the red lines present the mean ± 1.96 of standard deviation (boundaries of 95% confidence interval) of the difference between modeled and measured F1.](srep25730-f4){#f4}

![Relationship between apnea-hypopnea index (AHI) and measured snoring sounds frequencies (assessed by Pearson Correlation Coefficient).\
(**a**) Decreases in the measured F2 (calculated over entire sleep duration) were significantly correlated with the increases of AHI; (**b**) Decreases in the measured spectral centroid of snoring sounds (calculated over the entire sleep duration) within 1200--1800 Hz frequency range were significantly correlated with the increases of AHI; (**c**) Decreases in the measured spectral centroid of snoring sounds (calculated over the entire sleep duration) within 450--600 Hz frequency range were significantly correlated with the increases of AHI.](srep25730-f5){#f5}

![Relationship between changes in upper airway cross sectional area (UA-XSA) during sleep and snoring sounds intensity (assessed by Pearson Correlation Coefficients).\
(**a**) Result obtained from the modeled snoring intensity: narrowing in the UA-XSA was strongly correlated with increases in the intensity of the sound; (**b**) Result obtained from the measured snoring intensity: narrowing in the UA-XSA during sleep was significantly correlated with increases in the measured average power of snoring sounds (calculated over the entire sleep duration) within 100--4000 Hz frequency range; (**c**) Results obtained from the measured snoring intensity: there were significant increases in the measured average power snoring sounds from first part to the last part of the N2 sleep stage (assessed by paired t-test).](srep25730-f6){#f6}

###### Characteristics of the participants (n = 20).

  **Variable**                                **Mean ± SD**
  ------------------------------------------ ---------------
  Age, years                                   45.1 ± 11.4
  Height, cm                                   176.9 ± 6.3
  Weight, kg                                   79.0 ± 10.7
  Body Mass Index, kg/m^2^                     25.4 ± 3.05
  Neck circumference, cm                       41.8 ± 2.9
  Upper Airway Cross-Sectional Area, cm^2^      2.6 ± 0.6
  Velum to Glottis length, cm                   9.1 ± 1.8
  Systolic Blood Pressure, mmHg                110.6 ± 8.5
  Diastolic Blood Pressure, mmHg               76.0 ± 8.3

###### Sleep structure (n = 20);

  **Variable**             **Mean ± SD**
  ----------------------- ---------------
  Total sleep time, min    150.1 ± 46.1
  N1 sleep, %               18.0 ± 10.4
  N2 sleep, %               57.2 ± 15.1
  N3 sleep, %               11.5 ± 12.9
  REM sleep, %              10.7 ± 8.1
  Sleep efficiency, %       74.7 ± 15.0
  Total AHI, /h             27.6 ± 25.8
  Obstructive AHI, /h       25.5 ± 25.7
  Central AHI, /h           2.0 ± 2.67
